6152

Macromolecules 2005, 38, 6152—6160

Adsorption of Low Charge Density Polyelectrolyte Containing
Poly(ethylene oxide) Side Chains on Silica: Effects of Ionic Strength
and pH

Joseph Iruthayaraj,’ Evgeni Poptoshev,*' Ausvydas Vareikis,*
Ri¢ardas Makuska,? Albert van der Wal,’ and Per M. Claesson’

Department of Chemistry, Surface Chemistry, Royal Institute of Technology,

S-100 44 Stockholm, Sweden; Department of Polymer Chemistry, Vilnius University,
Naugarduko 24, LT-03225 Vilnius, Lithuania; and Lever Faberage Europe Global
Technology Centre, Unilever R&D, PO Box 114, 3130 AC Vlaardingen, The Netherlands

Received April 21, 2005

ABSTRACT: Adsorption characteristics of a random copolymer of poly(ethylene oxide) monomethyl ether
methacrylate and methacryloxyethyl trimethylammonium chloride (PEOMEMA:METAC) on silica were
studied using stagnation point adsorption reflectometry (SPAR), quartz crystal microbalance with
dissipation (QCM-D), and contact angle techniques. The PEOMEMA:METAC copolymer used in this study
is a low charge density polyelectrolyte, with 2% of the monomer units carrying permanent positive charges
and 98% containing poly(ethylene oxide) side chains that are approximately 45 repeating units long. The
surface excess was determined as a function of pH and concentration of indifferent electrolyte. It was
found that the presence of a small amount of 1:1 electrolyte decreases the adsorbed amount significantly.
Further, increasing the pH at a constant ionic strength, 10 mM, results in decreasing surface excess. It
is suggested that the adsorption is realized via a combination of non-Coulomb interactions between the
poly(ethylene oxide), PEO, grafts and protonated silanol groups at the silica—solution interface and an
electrostatic interaction between the charged segments and the oppositely charged surface. Increasing
pH and/or salt concentration results in progressive charging of the silica surface with the consequent
decrease in affinity between silica and PEO, explaining the decrease in the adsorbed amount of the

polymer.

Introduction

Interfacial properties of polyelectrolytes have gath-
ered considerable research interest in recent years.
Adsorption of polyelectrolytes to oppositely charged
surfaces gives rise to a variety of interfacial phenomena
utilized for controlling colloidal stability,? building
multilayer structures,?* complexation,® etc. When dis-
cussing polyelectrolytes at oppositely charged surfaces,
the main driving force for adsorption is considered to
be the electrostatic interaction between surface and
polymer charges. In such a case, the adsorbed amount
and the resulting adsorbed layer structures are deter-
mined by the strength of the electrostatic polymer—
surface attraction as well as the intramolecular and
intermolecular polymer repulsion. The interfacial be-
havior of polyelectrolytes is in most cases predominantly
determined by the polyelectrolyte charge density, the
surface charge density, and the amount of screening
electrolyte,6~8 which are the main factors governing the
electrostatic interactions in the system. It has been
established both theoretically and experimentally that
reducing the charge density of a polyelectrolyte and/or
the surface charge leads to thicker adsorbed layers with
larger fractions of loops and tails extending into
solution.’719 The effect of simple electrolyte concentra-
tion on polyelectrolyte adsorption is somewhat more
complicated. Assuming electrostatically driven adsorp-
tion, adding salt leads to a decrease of adsorbed amount
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due to screening of the electrostatic surface—segment
attraction.” Furthermore, small surface counterions will
compete more successfully with the polyelectrolyte for
neutralizing the surface charge at higher ionic strength.!!
The onset of this screening reduced adsorption regime
depends on the surface and polyelectrolyte charge
densities. For polymers of low to moderate charge
adsorbing on moderately charged surfaces the screening
reduced regime is usually observed in solutions contain-
ing 0.1—1 M 1:1 electrolyte.®!2 In many cases, however,
there are nonelectrostatic surface—polymer interactions
present that contribute to the total adsorption free
energy of a polyelectrolyte.® In this case the surface
excess initially increases with ionic strength before it
decreases again at even higher salt concentrations.13
Among the secondary polymer—surface interactions
hydrogen bonding deserves special attention. It has been
long recognized that polymers possessing electron donor
groups, such as polyethers and polyacrylamides, adsorb
onto silica surfaces, and the primary adsorption mech-
anism has been described as hydrogen bonding.14-17
Recently, charged polymers with variable charge densi-
ties have been assembled into multilayer structures via
combination of hydrogen-bonding and electrostatic in-
teractions.18:19

In this report we address the adsorption behavior of
a low charge density cationic copolymer having a high
side-chain density of about 45 segments long poly-
(ethylene oxide) chains, also known as poly(ethylene
glycol). The cationic comb polyelectrolyte used in this
study is thus expected to be able to adsorb onto silica
surfaces with both its slightly charged backbone and its
uncharged side chains. This provides an opportunity to
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study a polymer adsorption driven by both electrostatic
and nonelectrostatic polymer—substrate interactions.

Materials and Methods

Materials. Poly(ethylene oxide)-2000 methyl ether meth-
acrylate (PEOMEMA) as 50% aqueous solution from Aldrich
and methacryloxyethyl trimethylammonium chloride (METAC)
as 70% aqueous solution from Polysciences, Inc., were used
as received. Azobis(isobutyronitrile) (AIBN) from Reachim was
recrystallized from methanol and dried in a vacuum at 30 °C.
2-Propanol (Fluka) and chloroform (Fluka) were used without
further purification. Sodium hydroxide monohydrate, hydro-
chloric acid, and sodium nitrate (Suprapur) were purchased
from Merck and used as received. Water was purified with
RiOS-8 and Milli-Q plus 185 units from Millipore.

Thermally oxidized silicon wafers were purchased from
Wafer Net, Germany. The wafers were cut to size and
conditioned by immersion in a solution mixture of HoO/HCl/
H50, (66:21:13) at 75—80 °C for 10 min. The plates were then
removed and rinsed in Milli-Q water several times before
immersion in a solution mixture of HoO/NHs/H>0, (71:17:12)
at 75—80 °C for another 10 min. Finally, the plates were rinsed
with copious amounts of Milli-Q water and stored under
absolute ethanol prior to use. The above procedure yielded fully
water wetted silica substrates. The thickness of the oxide layer
was determined ellipsometrically and found to be 100 +£1 nm.
The same procedure was used to prepare glass slides for
contact angle determination.

For QCM-D measurements silica-coated quartz crystal
oscillators were purchased from g-sense, Sweden. The crystals
were cleaned by ultrasonication for 20 min in 1% Hellmanex
cleaning solution. The silica-coated side was then exposed to
a heated HoO/NH3/H205 (71:17:12) mixture for 10 min followed
by thorough rinsing with Milli-Q water. The crystals were used
immediately after cleaning.

Polymer Synthesis. Free-radical copolymerization of
PEOMEMA with METAC was carried out in a polymerization
tube under nitrogen atmosphere at 60 °C in a 57:43 mixture
of 2-propanol and water. The overall monomer concentration
in the solution was 30%. The mixture was allowed to react for
20 h in the presence of 0.3% AIBN as initiator. Specifically,
0.1362 g of AIBN (0.83 mmol), 27.18 g of 50% aqueous solution
of PEOMEMA (6.53 mmol), 0.040 g of 70% aqueous solution
of METAC (0.133 mmol), and 18.2 g of 2-propanol were placed
in a polymerization tube. The tube was purged with nitrogen
gas for 15 min and inserted in an oil bath kept at 60 °C. After
20 h the reaction mixture was left to cool to room temperature,
and the tube content was quantitatively transferred into the
Visking dialysis tubing 27/32 (Serva, pore size 24 A, exclusion
limits 8—15 kDa) using as small amount of distilled water as
possible. The copolymer solution was dialyzed against 0.002
M aqueous HCI for 5 days, changing the solvent two times
per day. The dialyzed solution was concentrated to a viscous
liquid using a rotating evaporator. The product was then
extracted with chloroform and dried in a Petri dish at room
temperature for 2—3 days. Finally, the product was dried in a
vacuum oven at 60 °C for 24 h to give 12.3 g of the copolymer
(yield 90.3%).

The molecular weight of the macromonomer PEOMEMA
was determined by gel permeation chromatography (GPC)
using a Waters 2410 RI detector and a Wyatt DAWN EOS
laser light scattering detector. The columns used were ultahy-
drogel linear + TSK GMP2000. Aqueous solution of 0.3 M
NaNOs at pH ~ 10 was used as eluent at a flow rate of 0.8
ml/min. The composition of the copolymer was calculated
according to chlorine content determined by argentometric
titration. The average molecular weight of the macromonomer
PEOMEMA was determined to be 2080 g/mol. Thus, its semi-
structural formula can be represented as CHC(CH3)COO-
(CH2CH20)45CH3. The structural formula of METAC is
CH3C(CH3)COOCH2CH3N(CHs)sCl, and the molecular weight
of this monomer is 208 g/mol. The calculated amount of C1 for
a copolymer PEOMEMA:METAC = 98:2 mol % is 0.035%. This
polymer will henceforth be referred to as PEOs;sMEMA:
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Figure 1. Structure of the repeating units of PEO;sMEMA:
METAC-2 copolymer.

METAC-2, where the subscript 45 is the average number of
repeating units in the side chains and the digit 2 refers to the
percentage of charged monomers in the backbone. This agrees
well with the Cl amount of 0.034% determined experimentally,
suggesting that the composition of the copolymer is nearly
identical to that of the monomer mixture; i.e., the copolymer
contains about 2 mol % of monomeric units carrying a positive
charge. The copolymer has, according to static light scattering
measurements, a weight-average molecular weight of 470 kDa.
The polydispersity as estimated by GPC is M /M, = 2.8. A
simple estimation from the weight-average molecular weight
indicates that the average macromolecule consists of ap-
proximately 230 monomeric units, four to five of which are
carrying a positive charge. The structure of the copolymer
PEO4;sMEMA:METAC-2 is shown in Figure 1.

Methods. Stagnation point adsorption reflectometry (SPAR)
experiments were performed in a temperature-controlled room
at 25 + 1 °C. An elaborate description of the technique is given
elsewhere.?0?! In brief, linearly polarized laser light is reflected
from the substrate—water interface at an angle close to the
Brewster angle. The reflected light is split into its parallel and
perpendicular polarization components I, and I;, and the
respective intensities are measured by means of photodiodes.
The ratio I /I, defined as the signal S, is continuously recorded
during an experiment. The change in the signal (AS) upon
adsorption is related to the surface excess, T, via

1 AS
T As SO
The parameter As, also known as the sensitivity factor (relative
change in S per unit surface excess), is determined by treating
the system as a four-layer optical model (Si—SiOs, adsorbed
layer, medium) within the framework of Fresnel reflectivity
theory.?0

Controlled transport of material to the surface was realized
by means of stagnation point flow. At the stagnation point the
hydrodynamic flow is zero, and the material flux, J/, toward
the surface is given by’

J = 0.776(a) "} (DIR)**C

where U is the average fluid velocity, D is the diffusion
coefficient of the adsorbate, R is the radius of the inlet tube,
C is the concentration of the adsorbate, and a is a parameter
which depends on the Reynolds number, radial distance to the
stagnation point, 2, and the cell geometry (h/R). All of the
above-mentioned variables can be controlled, allowing a
reproducible material transport to the surface.
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The quartz crystal microbalance with dissipation (QCM-D)
setup was manufactured by q-sense, Sweden. The QCM-D
allows for precise determination of the mass added to a sensor
crystal surface by monitoring changes in its resonance fre-
quency.?? AT-cut quartz crystals are sandwiched between
thermally evaporated gold electrodes and excited in thickness
shear mode oscillation. The resonant frequencies (fundamental
and up to three harmonics) are recorded in real time and
related to the mass added to the surface via?

Am = —nCAf

where Am is the added mass, n is the harmonic order, and Af
is the shift in resonance frequency. C is a sensitivity constant
dependent on the properties of the crystal. For the crystals
used in this work C = 17.7 ng cm 2 Hz L. It should be stressed
that the QCM-D is sensitive to the total mass added to the
sensor crystal surface. This includes the adsorbate as well as
solvent incorporated into the layer.

Simultaneously, the dissipation factor, D, is recorded. It is
defined as the ratio between the energy dissipated and stored
in the crystal during a single oscillation:

_ Edissipated

D_an

stored

The change in dissipation value provides information about
changes in the coupling between the oscillating surface and
the liquid occurring as a result of adsorption. It is generally
found that thick and loosely bound layers dissipate energy
more efficiently than thin and rigid ones. Thus, the change in
dissipation is larger in the former case.

Contact angles were determined by the Wilhelmy plate
method. Freshly cleaned glass slides were attached to a
balance (Kriiss K12), immersed into polymer solution, and
allowed to equilibrate for 120 min. The advancing contact
angle was determined via the following relation:

F=2y(w +t) cos 0 — Apgwtd

where F is the force exerted on the balance, v is the surface
tension of the liquid (measured separately), 6 is the contact
angle, Ap is the density difference between the investigated
solution and air, g is the gravitational acceleration, w and ¢
are the width and thickness of the plate, and d is the
immersion depth.

Results

In this section we will first present adsorption data
for the polymer PEO;MEMA:METAC-2 obtained under
various solution conditions. Next, some results obtained
by the QCM-D and Wilhelmy plate techniques will be
reported. The data obtained will be utilized to elucidate
the driving force for adsorption and to gain some
information on the adsorbed layer structure.

The equilibrium surface excess on silica as a function
of PEO;sMEMA:METAC-2 bulk concentration at differ-
ent background electrolyte concentrations is illustrated
in Figure 2. The plateau value of the surface excess is
reached at a bulk polymer concentration of 5 ppm in
all cases. The surface excess, however, is influenced
dramatically by the presence of salt. Adding 1 mM
NaNOj; reduces the plateau surface excess from ap-
proximately 1.7 mg/m? for adsorption from salt-free
solutions to 0.7 mg/m?. In 10 mM NaNOj; the adsorption
is further reduced to a plateau value of 0.2 mg/m? and
is virtually undetectable for bulk concentrations below
5 ppm. No adsorption could be detected in 100 mM
NaNOs.

The surface excess at pH 6 and pH 2 is compared in
Figure 3. The values obtained at pH 2 are considerably
lower than those obtained at pH 6. At pH 2 the silica
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Figure 2. Adsorption isotherms of PEO;sMEMA:METAC-2
on silica at pH 6 and various ionic strengths.
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Figure 3. Adsorption isotherms of PEO4;sMEMA:METAC-2
on silica at two different pH values.

surface is uncharged; hence, the driving force for
adsorption is in this case expected to be of nonelectro-
static origin. The plateau surface excess at pH 6 and
pH 2 is plotted in Figure 4 as a function of NaNOjs
concentration. For the measurements at pH 2, HCl was
added to a total concentration of 10 mM in order to
adjust the pH. As noted earlier, the plateau surface
excess at pH 6 decreases rapidly with increasing ionic
strength, and no adsorption could be detected for NaNOg
concentrations above 10 mM. At pH 2 the surface excess
shows a much weaker dependence on the amount of
added salt. A reduction from 1.15 to 0.75 mg/m? is noted
between 0.1 and 10 mM NaNOj, with no further
decrease in adsorption upon increasing the NaNOsj
concentration to 100 mM. Clearly, adding salt has little
influence on adsorption to uncharged silica but a
significant effect when the silica surface is negatively
charged. This will be discussed further below.

The results obtained for PEO4;sMEMA:METAC-2 ad-
sorption as a function of pH are summarized in Figure
5. The broken line traces the data obtained at a constant
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Figure 4. Effect of NaNO; concentration on the plateau
adsorbed amount of PEO;sMEMA:METAC-2 on silica at two
different pH values.

2

-
- 3]
T T

Adsorbed amount (mg/m?)
o
4

0 2 4 6 8 10 12

pH
Figure 5. Plateau adsorbed amount of PEO;5sMEMA:METAC-2
vs pH of the solution. Filled symbols represent data where the
ionic strength has not been controlled but is given by the added

acid or base. Unfilled symbols represent data where the ionic
strength has been kept constant at 10 mM.

ionic strength of 10 mM. In this case the surface excess
decreases monotonically with increasing pH. The solid
line connects data points for the case when the solutions
were not “buffered” in terms of total electrolyte content,
but only the appropriate amounts of HCI or NaOH were
added to achieve the desired pH. In this case the surface
excess initially increases as the pH is increased from
pH 2 and reaches a maximum in the pH range 4—6. At
alkaline pH the adsorbed amount rapidly decreases, and
at pH 10 the adsorption is virtually inhibited. To further
illustrate the effect of varying pH at constant ionic
strength, the experiment depicted in Figure 6 was
performed. The polymer was initially adsorbed from
salt-free solution at pH 6 (region 1). This was followed
by rinsing with pure Milli-Q water (region 2), 0.1 mM
NaNOs (region 3), and finally 0.1 mM NaOH (region 4).
During the last two steps the total ionic strength is kept
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Figure 6. Desorption of PEO;sMEMA:METAC-2 upon chang-
ing solution conditions: 1, adsorption from 10 ppm salt-free
polymer solution at pH = 6; 2, rinsing with Milli-Q water; 3,
rinsing with 0.1 mM NaNOs; 4, rinsing with 0.1 mM NaOH
(pH = 10).
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Figure 7. Plots of data from QCM-D showing frequency and
dissipation changes vs time: 1, PEOsMEMA:METAC-2 ad-
sorption from 10 ppm solution also containing 10 mM HCI (pH
= 2); 2, rinsing with polymer-free 10 mM HCI solution; 3,
rinsing with polymer-free 10 mM NaNOs solution (pH = 6).

constant at 0.1 mM; however, the pH increases from 6
to 10. Clearly, this has a dramatic effect on the surface
excess. While little desorption occurs upon rinsing with
pure water, rinsing with 0.1 mM NaNOj results in
approximately 25% of the adsorbed polymer being
desorbed. Replacing this solution with 0.1 mM NaOH
leads to a further strong decrease of the surface excess
to approximately 0.24 mg/m2, corresponding to ap-
proximately 85% polymer removal from the surface.
Since the ionic strength is kept constant, the difference
between regions 3 and 4 is solely due to the change in
surface charge density caused by the pH increase. Using
the data of Bolt?* for the surface charge density of fully
hydroxylated silica sols, it can be shown that the surface
charge density increases from 3.2 mC/m2in 0.1 mM 1:1
electrolyte at pH 6 to 67.3 mC/m? at pH 10.
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Figure 8. Plots of data from QCM-D showing frequency and
dissipation changes vs time for PEO,;sMEMA:METAC-2 ad-
sorption from 10 ppm solution at various pH. The step in the
curves at the end of each experiment corresponds to rinsing
with polymer-free solution of the same pH as used during the
adsorption step.

Adsorption of PEO;sMEMA:METAC-2 at the silica
water interface as monitored with the QCM-D technique
is illustrated in Figure 7. Both frequency and dissipation
change traces are shown. In region 1 the polymer is
adsorbed at pH 2. Adsorption results in a decrease in
resonance frequency and an increase in dissipation. In
region 2 the chamber is flushed with a polymer-free HCI1
solution at pH 2. A minor increase in resonance fre-
quency and decrease in dissipation indicate that some
small amount of polymer desorbs during this step. In
region 3 the 10 mM HCI solution is replaced with a 10
mM NaNOs solution. The resonance frequency increases
slightly; however, a more marked difference is observed
in the dissipation factor that increases by about 30%.
This indicates that the adsorbed layer swells consider-
ably upon exposure to the NaNOg solution. It should
be remembered that QCM-D is sensitive to the total
mass oscillating with the sensor surface, including any
solvent associated with the adsorbate. Thus, from the
data in Figure 7 it is impossible to determine the
amount of polymer desorbed in region 3. As the polymer
layer swells, more water is incorporated into the film,
the mass of which offsets to some extent the mass loss
due to polymer desorption.

The QCM-D data for PEO;5sMEMA:METAC-2 adsorp-
tion from solutions at pH 3.4, pH 6, and pH 8.5 are
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Figure 9. Comparison between plateau adsorbed amount as
determined by reflectometry and the sensed mass registered
by QCM-D for PEO,;sMEMA:METAC-2 adsorption on silica as
a function of the pH of the adsorption solution. The PEOys-
MEMA:METAC-2 concentration was 10 ppm.

shown in Figure 8. Similar values for the change in
resonance frequency and dissipation factor were ob-
tained for adsorption at pH 3.4 and pH 6. Adsorption
from alkaline solution, however, resulted in significantly
higher values for the dissipation (note the different
dissipation scale in Figure 8c). This indicates that the
polymers adopt significantly more extended conforma-
tions at the silica—solution interface at the higher pH
value, which, in turn, results in a more efficient coupling
of the crystal’s shear motion to the bulk solution. The
sensed mass at pH 8.3 is approximately 40% higher
than at the lower pH values. As noted earlier, it is
impossible to determine the surface excess of the
polymer from these data since the amount of incorpo-
rated solvent is unknown. This can, however, be deter-
mined by combining QCM-D and reflectometry data.
The results are presented in Figure 9. The sensed mass
obtained from the change in resonant frequency was
calculated using the Sauerbrey equation.?? The sensed
mass is significantly higher than the surface excess
measured by reflectometry. The surface excess and the
sensed mass depend on the pH in a strikingly different
way. While the surface excess determined by SPAR has
a maximum in the pH region between 4 and 6, the
sensed mass measured by QCM-D decreases slightly in
the pH range 2—6 and then increases at alkaline pH.
Since reflectometry senses only the adsorbed polymer,
the difference between the two curves is attributed to
solvent associated with the adsorbed layer. Clearly,
PEO4sMEMA:METAC-2 produces water-rich adsorbed
layers. For instance, at pH 6 it can be calculated that
approximately 70% of the mass sensed by the QCM-D
is actually water. At pH > 6 this amount increases
further due to increased swelling of the adsorbed layer.
Despite the fact that less polymer adsorbs at pH > 6,
as determined by reflectometry, its extended conforma-
tion allows for considerably more water to be incorpo-
rated into the adsorbed layer, and the net effect is an
increase in the mass sensed by the QCM-D. Here it
should be noted that the hydrodynamic thickness,
determined by the longest tails, is not expected to
change due to the decreased surface affinity at higher
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pH.%> The increased water content of the layer never-
theless increases the coupling to the bulk solution as
monitored by the increasing dissipation factor.

Conformational changes due to variations in pH were
also probed by contact angle measurements on glass
slides using PEO4;sMEMA:METAC-2 solutions. The
contact angle vs pH is plotted in Figure 10 together with
dissipation change data from QCM-D measurements.
Adsorption of PEOs;sMEMA:METAC-2 at low to neutral
pH increases the glass contact angle substantially to
values of 37° and 30° at pH 2 and pH 6, respectively.
At higher pH the contact angle drops to below 10°, which
corresponds to what is usually measured on freshly
cleaned bare glass slides. The decrease in contact angle
correlates with an increase in the dissipation factor.
Clearly, at pH < 6 PEOg;sMEMA:METAC-2 adsorbs in
layers with a larger fraction of EO units bound to the
surface, thus partly exposing its hydrophobic metacry-
late backbone to the solution. In contrast, adsorption
from alkaline solutions results in more swollen, water-
rich layers. This structural difference is the reason for
the more hydrophilic layer produced at the higher pH
value.

Discussion

At least two aspects of the results presented in this
report are unusual. First, it is observed by increasing
the solution pH that the adsorption of the cationic
polyelectrolyte decreases as the charge density of the
negatively charged silica surface increases. Second, the
surface excess in the neutral pH range is extremely
sensitive to the ionic strength of the solution. To
rationalize these findings, we have to recapitulate some
key features of cationic polyelectrolyte adsorption on
oppositely charged surfaces as well as recall the nature
of the silica surface and some aspects of the adsorption
of poly(ethylene oxide) onto silica.

Effect of Ionic Strength on Polyelectrolyte Ad-
sorption. Let us consider polyelectrolytes adsorbing on
an oppositely charged surface with the adsorption
driven only by electrostatic interactions. In this case the
surface excess decreases with increasing ionic strength.1?
This is qualitatively similar to what is observed in the
present case. However, by comparing with other experi-
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mental results!?2627 and theoretical predictions,!? it
becomes clear that the sensitivity to the electrolyte
concentration is unusually high for PEOsMEMA:
METAC-2 adsorption onto silica. In fact, at pH 6 even
adding as little as 1 mM NaNOj; reduces the surface
excess to 40% of that obtained in pure water. Previously,
low charge density polyelectrolytes with monomer charge
densities in the range 1-10% have been investi-
gated.1-12.28 Typically these polyelectrolytes are acryl-
amide copolymers, and they exhibit a strong reduction
in the surface excess at salt concentrations approxi-
mately 1—2 orders of magnitude higher than in our
case.!? These latter results are consistent with the
notion that the primary driving force for adsorption is
electrostatic and that salt screens the polymer—surface
attraction.

If we allow for a nonelectrostatic affinity between the
polymer and the surface, experimental® and theoreti-
calll-13 results show that the adsorption actually in-
creases when a small amount of salt is added. Thus,
considering the strong reduction in surface excess for
PEO4sMEMA:METAC-2 with increasing ionic strength,
it appears to be a better option to explain the results
using only electrostatics than to invoke a nonelectro-
static affinity. However, we will argue that in fact the
opposite is correct.

Effect of Surface Charge Density on Polyelec-
trolyte Adsorption. For the case of polyelectrolytes
adsorbing on an oppositely charged surface from a low
ionic strength solution, with the adsorption driven only
by electrostatic interactions, both experimental re-
sults??30 and theoretical calculations®!? consistently
demonstrate that at the plateau value of the adsorption
isotherm the polyelectrolyte charges in the adsorbed
layer very closely balance the charges present on the
surface. Thus, as the charge density of the surface is
increased, the surface excess of the polyelectrolyte
increases. When the more complex situation that allows
also for a nonelectrostatic affinity between the surface
and the polyelectrolyte is considered, the prediction is
that the surface excess increases somewhat to allow
some overcompensation of the surface charge present
on the substrate.® Also in this case the surface excess
of the polyelectrolyte increases with increasing surface
charge density.

The set of results presented here does not follow these
trends. First of all, PEO;sMEMA:METAC-2 adsorbs to
silica at pH = 2 where the surface is uncharged. The
surface excess decreases sharply as the pH is increased
(i.e., the magnitude of the surface charge density is
increased), and the adsorption is completely inhibited
at pH 10 despite that silica has a considerable negative
surface charge capable of electrostatic interaction with
the cationic groups of the polymer. It seems clear that
the main surface—polymer interaction responsible for
the adsorption is not electrostatic. Thus, in this respect
PEO4;sMEMA:METAC-2 does not behave as a typical
polyelectrolyte, and we cannot explain the results by
adding a nonelectrostatic polymer—surface affinity that
is independent of pH and the ionic strength of the
solution. We have to conclude that the nonelectrostatic
surface affinity is important for the adsorption process
and that it decreases as the pH and/or the ionic strength
of the solution increases. It seems reasonable to assume
that it is the PEO side chains that are responsible for
the nonelectrostatic polymer—surface affinity. Hence, to
rationalize our results, we have to consider the nature
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of the silica surface and what is known about poly-
(ethylene oxide) adsorption to silica.

Nature of the Silica Surface. The silica surface
exposes a high density of silanol (—Si—OH) groups
toward the aqueous phase. These groups can be ionized
to form negatively charged —SiO~ groups, and at low
pH also positively charged —SiOHy™ groups can be
formed. The isoelectric point of silica is about 2. Hence,
at higher pH values silica is negatively charged. Fully
hydroxylated silica has 4—5 Si—OH groups per nm? as
determined by pH titration of silica sols.3! As pointed
out by Ong et al.?2and later confirmed by Ying et al.,3?
there are two distinctly different silanol group popula-
tions at the silica surface, isolated silanols not bound
by hydrogen bonds to other silanol groups with pK, =
4.9, and hydrogen-bonded silanols which start to dis-
sociate at significantly higher pH (pK, = 8.5). The
amount of the isolated silanols has been estimated to
be approximately 20% of the total silanol group amount.?3

Effect of pH on Adsorption of Poly(ethylene
oxide) Containing Polymers to Silica. The adsorp-
tion of linear poly(ethylene oxide) on silica surfaces has
previously been investigated as a function of pH.!* The
key finding is that poly(ethylene oxide) adsorbs readily
at low and neutral pH, but the adsorption decreases
sharply in the alkaline pH range. Similar results are
obtained for adsorption of alkyl ethoxylates on silica3*
and for ethylene oxide containing block copolymers.3?
These results are very similar to our finding for the
adsorption of PEO;sMEMA:METAC-2, giving strong
support to the view that the nonelectrostatic affinity
between the PEO-chains of PEO;sMEMA:METAC-2 and
silica is the key factor that determines the adsorption
behavior. It is also clear that the nonelectrostatic surface
affinity decreases sharply with increasing pH, and it
seems very plausible that this is a direct result of the
increasing charge density of the silica surface. The
magnitude of the surface charge density in 0.1 mM 1:1
electrolyte increases from 3.2 mC/m? at pH 6 to 67.3
mC/m2, or 0.42 nm? per charge at pH 10.2¢ The latter
value corresponds to only 10% of the silanol groups. We
conclude that poly(ethylene oxide) interacts favorably
with protonated silanol groups, but not with dissociated
ones. Further, a rather limited dissociation of the silanol
groups is sufficient to completely suppress the adsorp-
tion of poly(ethylene oxide) as well as the cationic PEOgs-
MEMA:METAC-2. This rationalizes the fact both that
adsorption takes place at the isoelectric point of silica
and that adsorption is prevented when the surface
charge density of silica is high. It is now tempting to
conclude that electrostatic interactions are unimportant
for the adsorption of PEOs»sMEMA:METAC-2 to silica.
However, as will be shown below, this is incorrect and
also electrostatic interactions are of importance.

Effect of Ionic Strength on Adsorption of Poly-
(ethylene oxide) Containing Polymers to Silica.
The effect of ionic strength on the adsorption of poly-
(ethylene oxide) has been investigated previously, and
it was found that the adsorbed amount decreased with
increasing salt concentration.?® However, the effect of
the ionic strength was found to be considerably less
dramatic than in the present case.

We note that at constant pH the silica—water inter-
face develops a higher negative charge density with
increasing electrolyte concentration due to a reduced
free energy penalty for creating a charged interface with
its associated counterions.?” By using data for the
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surface charge densities of silica obtained from poten-
tiometric titrations,?* it can be calculated that at pH 6
the surface charge density increases approximately 3
times from 3.1 to 9 mC/m? upon increasing the monova-
lent electrolyte concentration from 0.1 to 10 mM. Our
data show that this results in a decreased affinity
between the cationic PEO4sMEMA:METAC-2 and the
increasingly negatively charged surface (see Figure 4).
While the adsorbed amount decreases profoundly with
increasing NalNOs concentration at pH 6, only a weak
dependence was found at pH 2, particularly at higher
ionic strength. Since the silica surface is uncharged at
pH 2, adding NaNO; does not lead to a significant
change of the surface charge, which explains the ob-
served weak dependence on electrolyte concentration at
this pH. At pH 6, however, the increased salt concentra-
tion results in an increased silica surface charge and a
decrease in the nonelectrostatic affinity between the
PEO chains and the surface. It should also be pointed
out that light scattering and small-angle neutron scat-
tering studies revealed that the solution conformation
of PEOsisMEMA:METAC-2 is unaffected by adding
salt.?®8 Hence, the effects discussed here cannot be
attributed to changes in the bulk polymer conformation.

From these data, however, we cannot rule out that a
decreased electrostatic affinity between the charged
monomers and the surface plays a role for the decreas-
ing surface excess with increasing ionic strength. In
particular, we note that Hansupalak and Satore2’ found
an extremely sharp decrease in adsorbed amount for an
electrostatically driven polyelectrolyte adsorption when
the surface was highly charged, and the polyelectrolyte
had a low charge density, which is rationalized by
competition between polyelectrolyte charges and simi-
larly charged small ions at the surface. However, the
decrease in polyelectrolyte adsorption in the study of
Hansupalak and Satore was observed at significantly
higher ionic strengths than in the present study.

In the present study there are two observations that
indicate that electrostatic interactions have importance
for the adsorption of PEO;sMEMA:METAC-2 on silica.
First, the maximum adsorption is not realized at pH 2
but rather at pH 4—6 (see Figure 5). Second, inspection
of Figure 8 shows that the sensed mass registered by
the QCM-D decreases slightly between pH 2 and pH 6,
which, together with the higher surface excess at pH 6,
suggests a denser layer with lower water content at pH
6 compared to at pH 2. To test whether the electrostatic
affinity played a role for the adsorption, an uncharged
homopolymer of PEOsMEMA was synthesized under
conditions identical to those described above for PEO45-
MEMA:METAC-2. The surface excess of this uncharged
polymer on silica at pH 6 was found to be about 0.6 mg/
m?2, as compared to 1.7 mg/m?2 for PEO,sMEMA:METAC-
2. Increasing the ionic strength to 10 mM, keeping the
pH at 6, resulted in a decrease in surface excess to 0.1—
0.2 mg/m? for PEO;sMEMA. Thus, we conclude that the
small amount of positive charges on PEOs;MEMA:
METAC-2 does have a pronounced effect on the adsorp-
tion, but the strong influence of the ionic strength
remains for the uncharged polymer. We note that
introduction of a small amount of charges also strongly
enhances the adsorption of acrylamide-based copoly-
mers to silica3® and montmorillonite,*® which is well
understood.

The extraordinary sensitivity of the surface excess on
electrolyte concentration in the present case is sug-
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gested to be due to two effects. First, the nonelectrostatic
surface affinity is reduced as the surface charge density
is increased. Second, the concentration of small ions at
the surface increases with increasing surface charge
density, which promotes replacement of polyelectrolyte
charges at the surface with small ions having the same
sign of charge as the polyelectrolyte. This replacement
is enhanced by the fact that the polyelectrolyte charges
have difficulties in reaching the silica surfaces due to
the presence of 45 units long EO chains on the poly-
electrolyte backbone at high graft density.

Origin of the Nonelectrostatic Affinity between
the Poly(ethylene oxide) Grafts and Silica. The
conventional explanation for the nonelectrostatic affinity
between poly(ethylene oxide) and silica is that it is due
to hydrogen-bond formation between surface Si—OH
groups and the ether oxygen in the polymer chain.!441
We note that at the pH where adsorption is suppressed
only about 10% of the total amount of silanol groups is
charged, and it appears unlikely that such a small
reduction in hydrogen-bonding groups can lead to the
dramatic reduction in adsorbed amount. However, if it
is the isolated silanol groups that are the primary
hydrogen-bonding centers to poly(ethylene oxide), as can
be rationalized by the fact that they can form hydrogen
bonds without breaking already existing intrasurface
bonds, it turns out that about 50% of these sites are
dissociated at pH 10 (10% of the total silanol content).
This could certainly have a serious impact on the
hydrogen-bonding ability of the silica surface and thus
the adsorption of poly(ethylene oxide) as well as of
PEO4sMEMA:METAC-2.

Although, the above concept explains the results well,
it deserves some further consideration. It is well estab-
lished that the silica surface is strongly hydrated.
Adsorption from aqueous solutions via hydrogen bond-
ing thus involves a displacement of water that forms
hydrogen bonds with silica. It can be argued that this
is energetically unfavorable. Furthermore, the adsorb-
ing polymer side chains are themselves hydrated, a
clathrate-like hydration model has been proposed,*2 and
therefore the adsorption proceeds via dehydration of
both the surface and the polymer. We note, however,
that releasing small water molecules into solution upon
polymer adsorption is an entropically favorable process
since the loss of conformational entropy associated with
the polymer immobilization at the interface cannot
offset the entropy gain due to release of a large number
of small molecules. Furthermore, the displaced water
molecules form hydrogen bonds with each other in
solution, which should be taken into account in the free
energy balance of adsorption. In fact, Trens and De-
noyel*3 have shown that the enthalpy of displacement
of water for PEO on silica is —3 kdJ/mol of segments,
which shows that the adsorption process is enthalpically
favorable. We emphasize, however, that it is not suf-
ficient to look at the direct hydrogen bond formation
between the Si—OH group and the ether oxygen to grasp
the full picture of the free energy change occurring upon
adsorption of poly(ethylene oxide) containing polymers
and surfactants to silica. Rather, the enthalpy of all
broken and formed hydrogen bonds must be considered
together with the entropy changes.

Before concluding this section, we note a study by
Iler,3! who measured the hydrogen-bonding effective-
ness of poly(ethylene oxide) as a function of the degree
of polymerization. Even for short chains the hydrogen-
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bonding effectiveness increases sharply with the num-
ber of ether oxygens. PEOs;sMEMA:METAC-2 has a high
graft density of relatively long PEO chains (45 EO units
per side chain). It can be argued that a molecule rich in
ether oxygen would possess the high hydrogen-bonding
effectiveness necessary for formation of multiple hydro-
gen bonds with the silica surface.

Effect of the Type of Cation in the Added Salt.
As pointed out by Iler,®! Na' ions adsorbed at the
surface can displace hydrogen-bonded polyethers. The
sodium ion is strongly hydrated in solution, and the
large hydration shell may block neighboring silanol
groups and decrease the probability of hydrogen bond
formation. Indeed, preliminary experiments conducted
in the presence of Cs' (not shown here), which is
significantly less hydrated than Na*, showed that the
adsorbed amount of PEO4;sMEMA:METAC-2 increases
by approximately 20% compared to the adsorbed amount
in the presence of equal molar amount of Na*t. The
counterion specificity clearly deserves additional atten-
tion.

Sticking Probability. The reflectometry measure-
ments were conducted in stagnant point flow, and the
kinetic results from different experiments are directly
comparable since the adsorbate is transported to the
surface by diffusion only (which is not the case for
QCM-D where the polymer was introduced simply by
exchanging the volume of the liquid cell several times
in an uncontrolled flow). From the adsorption data
obtained for solution containing 10 ppm PEO4;sMEMA:
METAC-2, it was determined that the initial slopes of
the surface excess vs time plots were 0.024 mg m=2 s~1
at pH 2, compared to 0.0065 mg m 2 s~ ! at pH 6. This
much faster initial increase of the adsorbed amount with
time at the lower pH value can be attributed to a higher
probability that a polymer that reaches the surface will
adsorb (the sticking probability) at the lower pH value.

Conclusions

The adsorption of cationic PEOy;sMEMA:METAC-2
onto silica was studied using reflectometry, QCM-D, and
contact angle measurement techniques as a function of
pH and ionic strength. It is found that the surface
excess, at constant ionic strength, decreases with in-
creasing pH. It is also found that at a constant pH the
surface excess decreases with increasing ionic strength
of the solution. Hence, contrary to what is found for most
polyelectrolytes (note however the results presented in
ref 27), the adsorption of the PEO;sMEMA:METAC-2
comb polyelectrolyte decreases as the charge density of
the oppositely charged silica surface is increased. This
finding is rationalized by the combination of a reduction
in the nonelectrostatic affinity between PEO chains and
silica and competition between small ions and polyelec-
trolyte charges at the silica surface. It is suggested that
the nonelectrostatic affinity between silica and PEOg5-
MEMA:METAC-2 is facilitated by formation of hydrogen
bonds between the ether groups in the side chains of
the polymer and protonated silanol groups at the silica—
water interface. It is further suggested that hydrogen
bonding occurs primarily at isolated silanol groups,
which constitute only a fraction of the total number of
surface silanol groups. Our results also show that
electrostatic interactions between the low number of
charges on the polymer backbone and the surface have
importance for the adsorption process but that the
presence of the side chains enhances the sensitivity to
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added electrolyte since it counteracts a close approach
of the polyelectrolyte charges to the silica surface.

By comparing results from reflectometry and QCM-D
techniques, it is evident that the water content of the
adsorbed layer is high; about 80% of the sensed mass
monitored by the QCM-D technique is due to this water.
At pH > 6 the polymer adsorbs in less compact confor-
mations with a large fraction of segments protruding
into solution. This results in an increase in the dissipa-
tion value and the water content of the layer. At the
same time the water contact angle is reduced.

Acknowledgment. This work was supported by the
Competence Centre for Surfactants Based on Natural
Products, SNAP. Swedish—Lithuanian cooperation was
supported by means from the Swedish Royal Academy
of Sciences. P.C. acknowledges financial support from
the Swedish Research Council, VR.

References and Notes

(1) Gregory, dJ. J. Colloid Interface Sci. 1973, 42, 448.
(2) Sjostrom, L. Ph.D. Thesis, University of Lund, 1998.
(3) Decher, G.; Hong, J. D. Macromol. Chem., Macromol. Symp.
1991, 46, 321.
(4) Decher, G. Science 1997, 277, 1232.
(5) Dedinaite, A.; Claesson, P. M.; Bergstréom, M. Langmuir 2000,
16, 5257.
(6) van de Steeg, H. G. M.; Cohen Stuart, M. A.; de Keizer, A.;
Bijsterbosch, B. H. Langmuir 1992, 8, 2538.
(7) Fleer, G. J.; Cohen Stuart, M. A.; Scheutjens, J. M. H. M,;
Cosgrove, T.; Vincent, B. Polymers at Interfaces; Chapman
& Hall: London, 1993.
(8) Linse, P. Macromolecules 1996, 29, 326.
(9) Poptoshev, E.; Claesson, P. M. Langmuir 2002, 18, 1184.
(10) Bohmer, M. R.; Evers, O. A.; Scheutjens, J. M. H. M.
Macromolecules 1990, 23, 2288.
(11) Shubin, V,; Linse, P. J. Phys. Chem. 1995, 99, 1285.
(12) Rojas, O. J.; Ernstsson, M.; Neuman, R. D.; Claesson, P. M.
Langmuir 2002, 18, 1604.
(13) Fleer, G. J.; Cohen Stuart, M. A.; Scheutjens, J. M. H. M,;
Cosgrove, T.; Vincent, B. Polymers at Interfaces; Chapman
& Hall: London, 1993.
(14) Rubio, J.; Kitchener, J. A. J. Colloid Interface Sci. 1976, 57,
132.
(15) Fu, Z.; Santore, M. M. Langmuir 1997, 13, 5779.

Macromolecules, Vol. 38, No. 14, 2005

(16) Fu, Z.; Santore, M. M. Colloids Surf. 1997, 135, 63.

(17) Griot, O.; Kitchener, J. A. Trans. Faraday Soc. 1965, 61, 1032.

(18) Sukhishvili, S. A.; Granick, S. Macromolecules 2002, 35, 301.

(19) Schoeler, B.; Poptoshev, E.; Caruso, F. Macromolecules 2003,
36, 5258.

(20) Dabros, T.; Van de Ven, T. G. M. Colloid Polym. Sci. 1983,
261, 694.

(21) Dijt, J. C.; Cohen Stuart, M. A.; Hofman, J. E.; Fleer, G. J.
Colloids Surf. 1990, 51, 141.

(22) Rodahl, M.; Ho6k, F.; Krozer, A.; Brzezinski, P.; Kasemo, B.
Rev. Sci. Instrum. 1995, 66, 3924.

(23) Saurbrey, Z. Phys. 1959, 155, 206.

(24) Bolt, G. H. J. Phys. Chem. 1957, 61, 1166.

(25) Van der Beek, G. P.; Cohen Stuart, M. A. J. Phys. (Paris)
1988, 49, 1449.

(26) Rojas, O. J.; Claesson, P. M.; Muller, D.; Neuman, R. D. /.
Colloid Interface Sci. 1998, 205, 77.

(27) Hansupalak, N.; Santore, M. M. Langmuir 2003, 19, 7423.

(28) Durand, G.; Lafuma, F.; Audebert, R. Prog. Colloid Polym.
Sci. 1988, 266, 278. .

(29) Dahlgren, M. A. G.; Waltermo, A.; Blomberg, E.; Claesson,
P. M.; Sjostrom, L.; Akesson, T.; Jonsson, B. JJ. Phys. Chem.
1993, 97, 11769.

(30) Dedinaite, A.; Ernstsson, M. J. Phys. Chem. B 2003, 107,
8181.

(31) Iler, R. K. The Chemistry of Silica; John Wiley & Sons: New
York, 1979.

(32) Ong, S. W.; Zhao, X. L.; Eisenthal, K. B. Chem. Phys. Lett.
1992, 191, 327.

(33) Ying, D.; Sastry, P.; Zhi, X. Anal. Chem. 1998, 70, 4730.

(34) Tiberg, F. J. Chem. Soc., Faraday Trans. 1996, 92, 531.

(35) Muller, D.; Malmsten, M.; Tanodekaew, S.; Booth, C. J.
Colloid Interface Sci. 2000, 228, 317.

(36) Ermenko, B. W.; Sergienko, Z. A. Colloid J. USSR 1977, 41,
422.

(87) Evans, D. F.; Wennerstrom, H. The Colloidal Domain, 2nd
ed.; Wiley-VCH: New York, 1999.

(38) Bastardo, L.; Iruthayaraj, J.; Claesson, P. M., manuscript in
preparation.

(39) Wang, T. K.; Audebert, R. J. Colloid Interface Sci. 1988, 121,
32

(40) Durand-Piana, G.; Lafuma, F.; Audebert, R. J. Colloid
Interface Sci. 1987, 119, 474.

(41) Cohen Stuart, M. A.; Tamai, H. Langmuir 1988, 4, 1184.

(42) Kjellander, R.; Florin, E. J. Chem. Soc., Faraday Trans. 1
1981, 77, 2053.

(43) Trens, P.; Denoyel, R. Langmuir 1993, 9, 519.

MA050851X



